A lthough the incidence of cerebral infarction has declined in the past decade, it remains a major clinical problem for which there is no proven efficacious treatment. The development of such treatment has been delayed by the inability to define clinically the exact nature and evolution of the early ischemic insult. The possibility for effective therapeutic intervention exists only within the first 4 hours after an ischemic insult.
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2 Clinically desirable factors for experimental models of infarction for therapeutic testing would be early determination of the location, size, and severity of ischemic injury and evidence of reperfusion, if present. 3 " 3 Experimental studies in which only cerebral blood flow (CBF) was measured during the early hours of cerebral ischemia showed that CBF thresholds predict cerebral infarction."- 7 These studies used invasive methods for measuring CBF with a high degree of resolution and demonstrated that inevitable loss of neuronal tissue depends on both the severity and duration of the ischemic challenge. Measurements of no CBF for >20 minutes consistently correlated with infarction. However, clinically applicable methods have quantitative limitations and are unable to measure CBF values approaching 0, even within regions of known encephalomalacia, and particularly if located at small, deep-seated foci within the brain.*"" Positron emission tomography (PET) is the only currently available method that can examine clinically both CBF and metabolic parameters important for the diagnosis of stroke. 8 However, because of its complexity, most PET studies have been obtained several days to weeks after cerebral infarction.*" 15 In addition, the possibility of having this technology available on an emergency basis in the future appears unlikely.
We and other investigators have used stable xenon gas combined with repeated computed tomography (CT) imaging (Xe/CT) to measure CBF. 16 " 20 This noninvasive method provides measurements of relatively high resolution that agree with CBF values obtained by other methods. 21 " 24 The accuracy of Xe/CT measurements is due in large part to the fact that with this technique a partition coefficient is calculated for each 1 x 1 x 5 mm 3 tissue volume element (voxel) . A most valuable contribution of Xe/CT examination is the ability to correlate local CBF directly with the anatomic locus provided by the baseline CT image. This methodology is now commercially available, and there has been extensive clinical experience with it. 25 " 29 We used the Xe/CT method to examine the nature and time course of local CBF and CT changes that accompany permanent occlusion of the blood vessels that supply the striatal nuclei in baboons. This is a stroke model that consistently produces infarction of the caudate nucleus and putamen by severely if not totally reducing blood flow to these regions. 30 - 31 From the CBF data acquired from this model, we hope to obtain a better understanding of 1) the local and regional CBF alterations that follow occlusion of the perforating vessels, 2) the reliability and reproducibility of Xe/CT mapping of these alterations, and 3) the pathologic correlates following severe restriction of CBF at early (6 hours) and at later intervals of time. All baboons had encephalomalacia of the caudate nucleus and putamen. 0, no alteration from normal; + , minimal effect; + + , moderate effect; + + + , maximum effect.
CBF studies were performed before and repeatedly for 6 hours after occlusion. Three baboons had additional CBF determinations on Days 1 and 7 and were killed on Day 8 (Baboons 1 and 2) or Day 18 (Baboon 3) for pathologic studies of the brains. Baboons 4, 5, and 6 were killed after the sixth hour of ischemia, and the brains were removed and prepared for microscopy. Table 1 summarizes the results of these studies.
Three days before LSA occlusion, each baboon underwent surgical exposure of the right middle cerebral artery (MCA) under halothane anesthesia. LSAs were exposed through a retro-orbital craniotomy accessed medial to the optic nerve after removal of the orbit contents. After identification and separation of the LSA from the surrounding arachnoid, the dural defect was closed with a gelatin sponge and the eyelids were sutured closed. The orbital wound was irrigated with streptomycin, and Baboons 1-3 received 10 mg/kg oxycillin and 10 mg/kg chloramphenicol daily for the first 3 postoperative days. This procedure has been described in detail. 30 At the time of the initial CBF study, the baboon received a single dose of ketamine hydrochloride 3 hours before transfer to the CT scanner. Thereafter, the baboon received a balanced anesthetic of 0.2 mg/kg diazepam every 2 hours (Hoffmann-La Roche, Inc., Nutley, New Jersey), 0.2 mg/kg pancuronium bromide every hour (Organon Inc., West Orange, New Jersey), 0.2 mg/kg morphine sulfate every 2 hours (Eli Lily and Co., Inc., Indianapolis, Indiana), and 0.02 mg/kg propranolol hydrochloride every hour (Erste Laboratories, Inc., New York, New York) for the duration of the study (approximately 8 hours). Each agent was given on a fixed schedule to maintain analgesia. Diazepam and morphine produced amnesia and analgesia, and propranolol minimized cardiovascular instability. Femoral arterial and venous catheters were placed under local anesthesia. The baboon's blood pressure and heart rate were continuously recorded. A capnograph (Puritan-Bennett Corp., Los Angeles, California) monitored end-tidal CO 2 , and arterial blood gases were obtained at the beginning and end of each CBF study. Pco 2 varied between 33 and 36 torr for all six baboons and was maintained within this 3-torr range between days of examination. Mean blood pressure varied within 10 torr during each experiment and between studies.
Cerebral Blood Flow Studies
The baboon's head was secured within the standard head-holder of the GE/9800 CT scanner (General Electric Medical Systems, Milwaukee, Wisconsin) in a plane parallel to the orbito-meatal line. A standard integrated hardware and software system for CBF determination developed for this scanner was used to obtain the initial baseline CBF measurements (BL,) at three 5-mm-thick levels 5 mm apart, with the first level just above the orbito-meatal line. A second baseline CBF measurement (BLj) was obtained before exposing the MCA again 20 minutes later. Without moving the baboon's head within the head-holder, the LSAs were exposed again in a sterile field after local infiltration about the orbit with 1 % xylocaine. The first CBF study was then performed. After allowing 20 minutes for xenon washout, the LSAs were occluded with fine-tip bipolar forceps at the lowest effective setting. The orbit was then filled with warm saline and covered with moist sterile dressings. The second CBF study was begun, in most cases ^5 minutes but < 10 minutes for any case, after LSA occlusion.
After the second Xe/CT CBF study (after LSA occlusion), repeat studies were performed at the same levels at 40-minute and at 1-hour intervals after occlusion for 6 hours (Figures 1 and 2 ). Baboons 1-3 had their operated eyes sutured closed again after the second CBF study. They received the same balanced anesthetic regimen on Days 1 and 7 as for the first study, with extreme care being taken to attain for each baboon the same head alignment and physiologic parameters during all studies.
Neuropathology
Under general anesthesia, all baboons were killed by intra-aortic perfusion fixation. Initially the arterial system was flushed with saline until the venous effluent was free of blood. ForBaboons 1-3, perfusion was then continued with 2 1 of 10% neutral buffered formalin. For Baboons 4-6, the perfusate was buffered paraformaldehyde (pH 7.4) so that 2 1 at 2% and 2 1 at 4% were injected. The fixed brains were then removed and placed in 4% paraformaldehyde for 24 hours. 
CT image has lower density in vascular distribution of LSA (all straight arrows, both black and white). Hyperemia is evident about margin of corpus striatum (crossed arrow), in which near-zero flows are evident at all 3 levels (I).
The fixed brain was macroscopically examined on multiple horizontal sections to delineate the type and extent of grossly visible lesions, which were then photographed. Whole hemispheric or slightly smaller sections of the entire corpus striatum and internal capsule were taken for light microscopy and stained with hematoxylin and eosin and Luxol blue-periodic acidSchiff. Specimens for electron microscopy were taken from the anterior, middle, and posterior putamen and inferior frontal gyri bilaterally. Semithin (1 -Aim) sections were embedded in Epon-Araldite and stained with toluidine blue. Thin (70-nm) sections were stained with uranyl acetate and lead citrate.
Calculation of Cerebral Blood Flow
The Xe/CT CBF method has been described."- 20 In brief, a 33% xenon/67% oxygen mixture is delivered for 4 minutes 20 seconds, with CT scans being obtained before and at approximately 20-second intervals during xenon inhalation. An indirect measure of the arterial "build-up" curve is obtained using a measure of the end-tidal xenon concentration recorded by a thermoconductivity analyzer. A weighted least-squares fit of the Kety/Schmidt equation is then performed assuming a single compartment for each CT voxel and iteratively calculating the partition coefficient and flow simultaneously. A voxel-specific X is extrapolated, and if it is within the permitted range of 0.6-1.7, the mathematically derived X is used. However, if the extrapolated X is outside this range, as may occur with low or no flow, a fixed-partition coefficient of 1.0 is assigned to the voxel in question. CBF is then calculated for each voxel.
Although flow maps for all baboons were available and appeared to be qualitatively and quantitatively consistent, a detailed multiple-region-of-interest (ROI) analysis was performed on only Baboons 4-6 due to the greater ease of access to the data base available in these studies, which were processed using the software within the current GE/9800 CT/CBF system. In these three baboons, the mean CBF within multiple 1-cmdiameter ROIs was measured within the cerebral cortex (n-10-14), and multiple 5-mm-diameter ROIs were measured within the striate nuclei (« = 4/side) and thalamus (n = 2/side) ( Figure 3) . Two 1-cm-diameter ROIs were recorded for each baboon within each cerebellar hemisphere. Average CBF was automatically calculated by the computer after placement of ROIs under a clear plastic template indicating ROIs to be sequentially measured in each baboon. Mean ± SD for the right and left 1-cm-diameter cortical and cerebellar regions as well as for the 5-mm-diameter ROIs within the right and left striate nuclei and thalamus were then tabulated.
Results
Before occlusion of the LSA, cortical CBF from the right and left hemispheres ranged from 28 to 46 ml/100 ml/min in Baboons 4-6 ( Table 2) . CBF within the striate nuclei and thalamus ranged, respectively, from 41 to 72 and 33 to 54 ml/100 ml/min. The averages of all baseline cortical, striate, thalamic, and cerebellar values were 35, 52, 43, and 38 ml/100 ml/min, respectively. (It should be noted that although CBF is computed for each voxel, the use of 1-cm-diameter ROIs results in varying mixtures of gray: white flows.) Transorbital exposure of the MCA a second time caused no significant lowering of CBF in four of the six baboons, although cortical CBF in two were reduced globally, by about 20%. In these two, a small amount of air had entered the frontal subarachnoid space causing a slight frontal lobe displacement but no midline shift.
In five of the six baboons, the second CBF study, obtained within 10 minutes after LSA occlusion, demonstrated a moderate (5-10%) decrease of CBF in all brain regions other than the right lentiform nucleus (Figures 4 and 5) . In every baboon, each repeat CBF study showed a dramatic reduction of CBF within the head of the caudate, the anterior limb of the internal capsule, and the anterior and lateral portions of the putamen (Figures 1, 2 , 5, and 6). Table 3 demonstrates that after LSA occlusion each baboon had CBF values initially <1 ml/100 ml/min for one or both of the most anterior 5-mm-diameter ROIs within the right striatal nuclei. As an example, in Figure 6 the time course of striate CBF alteration is displayed for Baboon 5. A transient elevation of CBF in the anterior striatal ROIs was observed in each baboon, with values as high as 10 ml/100 ml/min noted in the initial hours after LSA occlusion, with a later return to near zero in all baboons ( 3). This same pattern of CBF alteration was found at higher levels of examination within the body of the caudate. In three of the six baboons, a narrow region of hyperemia was transiently present along the Values are mean + SD in ml/100 ml/min. BL, and BL2, baseline studies before surgical manipulation; Open, after middle cerebral artery was exposed but before lateral striate artery was occluded; Time after occlusion, when xenon/computed tomography cerebral blood flow studies were begun. Cortical, regions of interest 13-17 (R) and [18] [19] [20] [21] [22] posterior medial and lateral edges of the ischemic region within the putamen. This hyperemia became apparent by 2-3 hours after LSA occlusion, with a return to lower CBF values by 5 and 6 hours after injury. In all baboons, the transition from normal to zero flow was acute. During the initial 6 hours after injury there was no consistent contralateral hemispheric or cerebellar CBF alteration observed other than a trend toward elevated CBF in all regions except the right lentiform nucleus 2-4 hours after LSA occlusion (Table 2, Figure 4) .
In three baboons, a reduced CT density became apparent within the right lentiform nuclei by 4 hours after LSA occlusion; by 5 hours all six baboons had abnormal CT scans (Figure 1 ). The area of early low CT density coincided with the area of zero flow and with the pathologically defined region of infarction.
The three baboons that were returned to their cages and studied again on Days 1 and 7 demonstrated neurologic deficits consistent with those found in our previous studies. 31 
Neuropathology
At autopsy, selective occlusion of the LSA was verified at X 16 magnification in all baboons.
Macroscopic examination of brain sections in the baboons killed after 6 hours of LSA occlusion demonstrated well-defined cerebral infarctions indicated by pallor and softening in the distribution of the LSAs. Topographically, macroscopic and microscopic lesions were best demarcated in the 18-day specimens, which were remarkably consistent in spite of minor variations, with regular changes throughout most of the head of the caudate nucleus and virtually all of the putamen (Figure 7 ). Only the posterior putamen showed minimal variation of 0.5-1.0 mm of spared tissue in a few specimens. There was relative sparing of the claustrum and extreme capsule and variable effects on the external capsule and lateral lamina of the globus pallidus. The anterior limb of the internal capsule was always included in the area of maximum necrosis. There was a variable sparing of the genu and posterior limb of the internal capsule.
Light microscopy. A variety of histologic and cytologic alterations were present based on the age of the lesion ( Figure 8 , Table 1 ). These changes were acute neuronal change of the type seen with severe ischemia; in this well-known cytopathologic lesion there is liiii marked nuclear pyknosis, cytoplasmic shrinkage, eosinophilia, and frequently cytoplasmic microvacuolation. Less frequently but still in every baboon, swollen, slightly chromatolytic neurons were evident. Oligodendroglia in the affected areas frequently showed nuclear pyknosis or karyorrhexis and eosinophilic cytoplasm. Astrocytes exhibited several changes ranging from nuclear enlargement in the 6-hour lesions to visible cytoplasm in the earlier and older lesions (8 and 18 days). In both older and earlier but especially in earlier lesions, there was marked enlargement of perineuronal and perivascular spaces. Myelinated fibers within the putamen showed slight pallor and irregular enlargement in the 6-hour lesions and severe pallor, irregular fragmentation, and phagocytosis in the earlier and older lesions.
Electron microscopy. Ultrastructurally, only 6-hour lesions were examined, and enlargement of the perivascular and perineuronal spaces noted by light microscopy was confirmed. In many cases, the enlarged perivascular space, particularly around capillaries, was occupied by swollen and occasionally fragmented ,ft astrocytic foot processes in which membranous septa, sometimes fragmented, were frequent ( Figure 9 ). Myelinated fibers in the affected foci showed fragmentation, splitting of myelin lamellae, and altered axoplasm with vacuolation and shrinkage of many fibers. Oligodendroglia in the affected zone showed marked swelling of cytoplasm and numerous membrane fragments within the swollen areas. Many dendrites within the neuropil were swollen to a variable degree; there were also many microvacuolar changes and membrane fragments in swollen dendrites. Affected neurons had two ultrastructural types of alteration: cytoplasmic microvacuolation attributable in part to swollen mitochondria with altered and occasionally fragmented mitochrondrial cristae, but more frequently dilatation of rough endoplasmic reticulum in some neurons to account for cytoplasmic microvacuolation. Some affected neurons had both dilated mitochondria and rough endoplasmic reticulum. Affected neuronal nuclei showed either condensation or irregular fragmentation of chromatin and interchromatinic granules so that in some neuronal nuclei early pyknosis obscured distinctions between chromatin, altered nucleoli, and interchromatinic granules. Within the enlarged perineuronal spaces, swollen and often fragmented synapses were frequently identified. Values are mean ± SD in ml/100 ml/min from 5-mm-diameter regions of interest diagrammed in Figure 3 . BL, and BLj, baseline studies before surgical manipulation; Open, after middle cerebral artery was exposed but before lateral striate artery was occluded; Time after occlusion, when xenon/computed tomography cerebral blood flow studies were begun.
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FIGURE 7. Gross horizontal section through basal ganglion 18 days after right lateral striate artery occlusion. Encephalomalacia and cavitation (arrows) within right caudate (C) and putamen (Put). Thai, thalamus.
TABLE 3. All Cerebral Blood Flow Values Recorded in Right and Left Striatal Nuclei of Baboons
Region of interest
Discussion
Our model of focal cerebral ischemia 30 -31 differs from several other models in which CBF and pathologic changes have been correlated. 32J3 Compared with studies in which the large arteries (most often the MCA) are either directly occluded or occluded by embolization, our model involves occlusion of only the LSA perforating and supplying the lateral striatum. In our model, therefore, the parenchymal vasculature is isolated from potential variations in the leptomeningeal collateral circulation. Our model has consistently produced infarction in the caudate, putamen, and anterior limb of the internal capsule. In another model, a consistent lesion has been produced by isolating the origin of the perforating arteries to the thalamus. 34 Our model of stroke using occlusion of the perforating arteries has provided a consistent, severe ischemic lesion for CBF and pathologic analysis. Our model is also clinically relevant since similar parenchymal lesions have been reported in patients with small arterial and arteriolar occlusions secondary to hypertension, 35 as well as in patients with MCA embolization. 36 Although much clinical experience with the Xe/CT method already exists in a spectrum of neurologic disorders, 23 baseline observations within and between baboons, clear patterns of CBF alteration focally and regionally were evident (Figure 4) . The mean cortical CBF of 34 ml/100 ml/min and mean basal ganglia CBF of 52 ml/100 ml/min are physiologically appropriate in the presence of mild hyperventilation and anesthesia. *"" While concern has been expressed about the tendency of 32% xenon to elevate CBF 17^0% in both nonhuman and human primates,* 2 -43 the significance of this effect on Xe/CT-derived CBF values is yet to be fully determined. As far as is known, xenon-induced CBF enhancement could only elevate the recorded CBF values above the levels present before xenon administration. This elevation of CBF should theoretically make the measurement of very low flow by the Xe/CT method even more significant physiologically.
Our major observation was that following LSA occlusion, Xe/CT flow maps demonstrated a well-defined region with CBF <1 ml/100 ml/min, even though such a region was small and deep within the brain. Such low-flow regions have consistently progressed to low densities on CT by 5 hours after LSA occlusion and to pathologically documented infarction. By both light and electron microscopy the affected tissue in the LSA distribution shows severe changes in neuronal cells, glial cells, neuropil, and blood vessels compatible with early infarction. 44 In our study, no morphologically viable neurons survived after 6 hours of total ischemia.
The early transient return of relatively low flow within the caudate and putamen despite occlusion of the FIGURE 9 . 43 may operate and be able to provide some blood to the region normally supplied by the occluded perforating arteries. However, the LSAs appear to function as end-arteries in that the blood supply presumably provided by transmedullary collaterals was well below that necessary to maintain neuronal viability. 10 " From a technical perspective, although the Xe/CT method is capable of recording very low CBF, the method as used here is not able to record, especially within small volumes, the absence of flow. Values such as 0.5 ± 0.5 ml/100 ml/min were typically measured within the caudate nucleus. This level of measured CBF is due to a number of technologic and methodologic factors. First, in the absence of flow, the curve-fitted rate constant (K) could be negative in any one voxel, so that the computed CBF (F = K), if allowed, would be negative. However, the program we use assigns a value of zero (F = 0) to such negative flows. The result is a systematic error that raises the average of voxels in a region without flow to a value just above zero. Second, measurements of CBF within a small region are influenced by weighted, bell-shaped smoothing and filtering routines that incorporate information in a heavily centrally weighted manner from as far away as 4 mm from each voxel. Third, although the error in a single voxel may be as high as 100%, it is in the range of < 1 1 % when ROIs of s 2 cm diameter are used. 4 * Despite these limitations, the Xe/CT method is able to record very low CBF which, if sustained, is far below levels of flow consistent with tissue viability.
Sequential Xe/CT CBF measurements also recorded less dramatic CBF phenomena that occurred throughout both hemispheres. Occlusion of the LSAs was accompanied by a global reduction of CBF, which was about equal in all cortical and subcortical regions and was followed by a return to baseline CBF within 1 hour. This early reduction of CBF has been noted in other models of focal cerebral ischemia. It has been attributed to the poorly understood phenomenon of global depression due to transneuronal effects that may follow any sudden severe injury similar to the concept of diaschisis reported by von Monakow. 47 After the initial depression, CBF increased gradually in all brain regions over the next 2-3 hours, followed by a transient elevation over baseline, with return to baseline by 6 hours after LSA occlusion. 48 There was no evidence of the crossed hemispheric or cerebellar diaschisis that has been identified with larger cortical lesions. 49 There was also no evidence of what has been described as the ischemic penumbra around the infarction, although our smoothing routine would preclude the identification of a 2-3-mm rim of marginally compromised flow.
The application of these observations to the evaluation of patients with various forms of stroke is appropriate. Such patients currently undergo early CT scanning to exclude treatable mass lesions and to identify the presence of subarachnoid or intraparenchymal bleeding. The addition of a Xe/CT CBF study to the usual CT examination adds <15 minutes, and the flow map can be calculated and ready for clinical analysis within an additional 15 minutes. This type of CBF study has been well accepted by nearly all patients, although it requires patient cooperation to obtain good-quality studies. From our initial clinical experience, the Xe/CT method has already helped to define, earlier than possible by CT scanning alone, the size and location of infarcts.
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- 31 In patients identified as having large regions with no flow, it is important to avoid therapies such as blood pressure or rheologic manipulations since such efforts are unlikely to benefit the patient while exposing them to an increased risk of cerebral edema. As suggested by Ackerman et al, 4 patients with relatively low CBF should be the group most amenable to early medical intervention, whereas those with no flow are more likely to have a poor prognosis.
